Polyethylene is widely used in packaging due to its chemical stability, lightness, impermeability and low cost. However, these properties become questionable when it is discarded. Oxodegradable plastics, which degrade by an abiotic-biotic process, have been promoted as a solution to the pollution caused by plastics. This research assesses the degradability of conventional and oxodegradable high density polyethylene in marine, freshwater, and outdoor tropical environments. Samples of these plastics, with and without previous abiotic degradation, were exposed to direct weathering in the Caribbean Sea and the Magdalena River, in Colombia. Their degradation was evaluated during six months by the formation of carbonyl groups, a decrease in elongation at break and visual evidence of deterioration. We found faster degradation for outdoor, followed by marine and freshwater conditions, evidencing that UV and temperature are the most relevant promoters of degradation, especially for oxodegradable plastics, as evidenced by the increase in carbonyl index. In aqueous environments, all specimens showed the formation of biofilm and in some cases cracks and fragmentation, especially in oxidized oxodegradable high density polyethylene specimens in the marine environment. Even if oxodegradables plastics, and in a lesser degree conventional ones, began their degradation process, they did not achieve complete disintegration or mineralization, due to lack of environmental conditions that can only be guaranteed in carefully monitored waste management systems.
INTRODUCTION
The increase in the production of polyolefins such as polypropylene, low and high density polyethylene (PP, LDPE, and HDPE, respectively), and their high demand by the current consumer society, is a matter of concern. They are commonly used as packaging materials due to their low cost, mechanical properties, durability, odorless characteristics and low weight (Davis and Song 2006, Ammala et al. 2011) . It has been estimated that each year 500 billion to 1 trillion plastic bags are consumed in the world (Roy et al. 2008) . However, these materials have also become a problem due to their life cycle, as they are used in short life applications and sometimes are disposed of improperly, polluting aquatic environments (Ryan et al. 2009 ).This is the case of the Magdalena River, which runs through much of the Colombian territory and is contaminated by plastics (polystyrene, polypropylene, polyethylene and others) discarded by riverside populations, dragging this pollution to the Atlantic Ocean.
The fate and persistence of these polyolefins, whose main polymer chain consists of carbon-carbon bonds, is one of the issues that generate concern in both the scientific community and society. These materials have a high chemical and biological inertness, and therefore their degradation is very complex (Koutny et al. 2006a ). Consequently, they have accumulated in marine environments (Barnes et al. 2009 , Teuten et al. 2009 , HidalgoRuz et al. 2012 , Wright et al. 2013 , Gall and Thompson 2015 , lakes (Free et al. 2014 , Driedger et al. 2015 and soils (Andrady et al. 1993 , Xu et al. 2006 , Abrusci et al. 2011 . The persistence of polyolefins in the environment is also related to their content of additives, such as antioxidants, flame retardants, and stabilizers, which extend their life (Ammala et al. 2011) . Two strategies have been adopted to reduce their presence in the environment. The first one is related to recycling (Al-Salem et al. 2010) . The other strategy aims to design materials that after serving its life cycle (Koutny et al. 2006b, Daglen and Tyler 2010) , may degrade into assimilable substances in the environment, attending to principles of green chemistry (Lucas et al. 2008 , Daglen and Tyler 2010 , Abrusci et al. 2011 , Ammala et al. 2011 .
Degradation of polyolefins is affected by environmental and molecular factors. Environmental parameters include temperature, presence of oxygen and UV radiation, among others. Structural parameters are related to the presence of functional oxidized groups on the polymer chain, which help to promote the reduction of the molar mass, therefore increasing the possibility of a microbial attack (Chandra and Rustgi 1998, Daglen and Tyler 2010) . To improve the degradation of polyethylene and retain their properties, new materials -typically referred as oxodegradable-have been designed. They are made from petroleum or natural gas and contain metallic pro-degrading additives which are capable of accelerating the reaction of the polymer with atmospheric molecular oxygen and by incorporating oxygen atoms into the polymer chain (Ammala et al. 2011) . In these polymers, the degradation mechanism includes the photo or thermal oxidation (abiotic process) followed by biological degradation. The abiotic phase can be induced by thermal, photolytic, chemical, catalytic and mechanical degradation processes (Singh and Sharma 2008) . The second step takes place only if the abiotically degraded plastic faces proper conditions for microbial growth (Kumanayaka et al. 2010) Biodeterioration and biodegradation of HDPE, LDPE, PP, and polycarbonate (PC) without additives exposed to sea water have been shown before (Artham et al. 2009 ). In studies focused on the mechanisms of degradation, it has been found that LDPE can be partially degraded by marine bacteria from pelagic waters (Harshvardhan and Jha 2013) . The degradation of HDPE film by two marine fungi without any pre-treatment and pro-oxidant additives has been demonstrated (Devi et al. 2015) . Starch blended HDPE in seawater was also studied, and biodeterioration, biodegradation, and change in its physicochemical properties were observed (Muthukumar et al. 2014) . Regarding oxodegradable plastics, Chiellini et al. (2007) confirmed that wild microorganism present in river water could act as triggers of degradation. In the study within a marine environment of the degradation of polyethylene carrier bags amended with prodegradant additives (d2w® and EPI®), it was found that they presented higher degradation rates than conventional plastics (O'Brine and Thompson 2010), compostable plastic and standard polyethylene in the marine environment. Tensile strength of all materials decreased during exposure, but at different rates. Compostable plastic disappeared from the test rig between 16 and 24 weeks whereas approximately 98% of the other plastics remained after 40 weeks. Some plastics require UV light to degrade. Transmittance of UV through oxo-biodegradable and standard polyethylene decreased as a consequence of fouling such that these materials received similar to 90% less UV light after 40 weeks. The data indicate that compostable plastics may degrade relatively quickly compared to oxo-biodegradable and conventional plastics. While degradable polymers offer waste management solutions, there are limitations to their effectiveness in reducing hazards associated with plastic debris. Degradation of LDPE, HDPE, and a blend of LDPE and starch were investigated in controlled laboratory conditions with seawater and microorganism from the sea. It was found that the addition of natural polymers improved weight loss of starch blended materials as compared to conventional ones (Sudhakar et al. 2008) . In a study that compared polyethylene with and without pro-degradant, it was concluded that the introduction of pro-degradant improves biodegradability (Muthukumar et al. 2014) .
Oxodegradable polyethylene has been promoted in Colombia and other countries as a solution to the environmental problems caused by plastic waste due to failures in waste management practices. It can be expected that some of it will become litter and arrive to aquatic and terrestrial environments. Previous studies have focused either on aquatic or non-aquatic conditions, not allowing to identify if exposure in sea and rivers affects the normal degradation process of these materials. This study aims to assess if the conditions found in aquatic exposure, such as the presence of different ions, lack of UV radiation and formation of biofilm, could hinder or promote the degradation process, when compared to degradation in an outdoor non-aquatic environment. Also, our study allows exploring if the oxodegradable plastic will achieve complete degradation as opposed to the conventional one, and to analyze if a previous oxidation process is required for its degradation. In this context, the present research allows to extend the knowledge of degradation of oxodegradable high density polyethylene in marine and outdoor conditions within an equatorial tropical environment.
MATERIALS AND METHODS
The degradation of conventional and oxodegradable HDPE in tropical aquatic environments was compared to its degradation in non-aquatic, outdoor conditions.
Raw materials
Conventional and oxodegradable high density polyethylene (HDPE) commercial bags (28 × 35 cm and 0.19 mm thickness) were used to assess degradation. The oxodegradable plastics contained the commercial additive d2w®. Probes were cut longitudinally into 10 × 150 mm strips. All samples were washed with 70 % ethanol followed by distilled water, dried in a hot air oven for 12 h at 27 ºC and then brought to room temperature before exposure.
Abiotic treatment (photo-oxidative degradation)
The purpose of UV weathering was to bring samples quickly to a state that can be compared with natural exposure. To induce degradation, 1080 samples of conventional (C) and oxodegradable (O) HDPE were exposed for 96 h in an accelerated photo-aging chamber. The temperature was kept at 57 ± 1 ºC and the wavelength at 340 nm (ultraviolet radiation UV-A, from eight xenon arc lamps) according to ASTM D5071-06. CO and OO acronyms were used to denote photo-oxidized conventional and oxodegradable HDPE, respectively.
Sampling design
In this study, we assessed the influence of different environments (marine, river and outdoor), as well as the effect of previous oxidation of the tested materials, on the degradation of oxodegradable HDPE. Conventional HDPE was used as a negative control. A floating trap was prepared for each plastic in all the environments and oxidation conditions, adding up to 180 samples of the material. Monthly samplings of 30 specimens of each trap were performed to assess their degradation, during six months. The sampling design is shown in table I.
Exposure of samples
Three different environments in the equatorial zone of the Colombian Caribbean Sea were used to expose the samples, as shown in figure 1. This area receives direct sunlight throughout the year, producing very stable high temperatures. The locations were selected to allow comparison of the effects of terrestrial conditions, and marine and river water. Polymer samples were placed in floating traps ( Fig. 2) for exposure, which were tied to fixed structures for avoiding loss due to the currents. Marine specimens were located in Puerto Velero, in the Colombian Caribbean coast, according to ISO 15314-04. This place is a very touristic area used for the practice of marine runs along 1500 km from the south of the country, and many cities and industries have been settled in its borders. Besides residual waters, it carries trash due to the usual practice of throwing wastes directly to streams that lead to the river. The annual temperature in this site was in the range of 26-34 ºC; relative humidity was 77-90%, and average sunshine was 213 h/month. Plastic traps were located in a place called Las Flores, and attached to structures of the Metropolitan Aqueduct of Barranquilla. Outdoor samples were located in a yard in Puerto Velero, tied to a structure built for that purpose. Environmental conditions were the same than for the marine exposure. The samples with and without previous photo-oxidation were exposed 180 days in these environments. Each month thirty probes were retrieved for analysis. During the sampling period, fresh and seawater were characterized. Temperature, dissolved oxygen, conductivity, and pH were measured using a WTW 340i (Geotech, Denver, CO) pre-calibrated multi-parameter analyzer.
Analytical techniques
Visual inspection of materials is accepted as evidence of degradation (Shah et al. 2008) , thus the first step to evaluate the degradation of materials was a visual recognition to observe roughening, changes in color, fragmentation, and formation of cracks, holes and biofilms, due to thermal and mechanical factors, radiation and the intervention of microorganisms. A Nikon Eclipse E200 microscope with digital camera Sight DS-U3 was utilized to register the changes in photomicrographs.
Mechanical properties
Parameters such as loss of tensile strength and elongation at break have been used to measure degradation (Andrady et al. 1993 ). According to ASTM 882-2002, mechanical properties were examined using the LFPlus Universal Testing Machine (Lloyd Instruments, Woonsocket, RI) at room temperature. Deformation rate was 250 mm per minute, and a 25 mm gauge length was used.
FTIR spectroscopy
Chemical changes in the plastic films were measured using Fourier transformed infrared spectroscopy (FTIR) analysis, which was performed using a Nicolet IS10 type thermo spectrophotometer with 2 cm -1 resolution and 32 scans per spectrum (calibrated with polystyrene standards), room temperature of 18 ºC and relative humidity below 60 %. The spectral region scanned was from 400 to 4000 cm -1 . A control sample kept at laboratory temperature for the same period was used. Bands due to CO stretching, CH2 deformation, asymmetrical and symmetrical CH2 bending were studied. The carbonyl group index was determined for taking into account the intensity of the band at 1715 cm -1 relative to the intensity of the band of the methyl group at 1465 cm -1 .
Statistical analysis
The Anderson Darling test and a plotting of residuals were performed to assess the normality of data and to verify normality, homogeneity and aleatority, respectively. One-way analysis of variance (ANOVA) was used to determine whether there are any significant differences between the means of degradation results in the three environments, and also for each plastic (oxidized and non-oxidized) with a 95 % level of confidence. Results are reported as mean ± SD (n = 30) for mechanical properties. Other tests are reported as mean ± SD (n = 3). The observed differences were considered statistically significant when p < 0.05. After ANOVA, Tukey's test was performed to assess differences between materials. The software used was Minitab 15.
RESULTS
In this section, initial characterization of materials and results regarding their degradation are examined. All traps were recovered with their contents in the three environments. In marine waters, due to the progressive break age of previously oxidized oxodegradable samples (OO), the trap was removed after 150 days, to avoid total loss of the material.
Characterization of raw materials
In the initial FTIR analysis, conventional and oxodegradable HDPE showed four absorption bands. A weak band appeared at 1715 cm -1 for the oxidized oxodegradable HDPE, evidencing the presence of carbonyl groups formed by artificial weathering. The values of elongation at break, in the initial condition, were 362 ± 23 % in HDPE and 383 ± 40 % in oxodegradable HDPE. After 96 h in the weathering chamber, they decreased to 191 ± 25 % and 317 ± 37 % for oxodegradable and conventional HDPE, respectively. As expected, oxodegradable HDPE degraded more due to UV radiation. Table II lists the results for water quality in both environments during the study. The dissolved oxygen and conductivity were significantly different. The lower dissolved oxygen in freshwater is probably due to the wastewater that Magdalena River receives from towns located along its banks, and also due to all human activities in its watershed. Consequently, the biochemical oxygen demand is high. The higher conductivity observed in seawater compared with river water is an obvious result, due to the presence of salts.
Degradation of plastics
Deterioration and fragmentation of samples showed clear differences between the three studied places, and occurred mainly for previously oxidized oxodegradable HDPE. In samples exposed to outdoor environments fragmentation of this material occurred after 30 days of exposure, while in marine and freshwater aquatic environments it occurred only after 120 and 180 days, respectively. The fractionation pattern was different in outdoor samples, which presented straight edges, and aqueous systems samples, where rounded edges and biofouling were observed. The non-oxidized oxodegradable plastic started fragmentation in outdoor conditions only after 120 days; no fragmentation was observed for this material in seawater and fresh water after 180 days of exposure. Likewise, non-oxodegradable HDPE specimens (with and without oxidation) in different environments did not show apparent changes.
Oxidized oxodegradable samples clearly showed higher deterioration than the other plastics exposed in the marine environment, presenting a higher frequency of holes and biofilm formation. Besides, the specimens broke easily when handled. This loss of integrity can be attributed to the synergic effect of the previous oxidation and the exposure at sea. Figure 3 shows the fragmentation of photo-aged HDPE in the three environments. Figure 4 shows the biofilm formed in the material after six months of exposure in marine (M), fresh water (R) and outdoor (I) environments. A greater amount of biofilm was found in samples from the sea. Marine organisms, such as seaweed, detritivores, filter feeders, deposit feeder, fungi, and bacteria, rapidly colonized samples exposed in marine water. In samples exposed to freshwater only sediment deposition was observed, while samples exposed outside the water exhibited only dust. As mentioned before, the exposition of oxidized samples (OOM and OOI) was stopped when each material became very fragile, broken and untreatable.
The decrease in the percentage of elongation at break in the samples after 180 days of exposure in seawater (a) and freshwater (b) environments is shown in figure 5 . Oxodegradable HDPE in outdoor conditions decreased its elongation at break to 5.41 % in only 60 days, and HDPE to 84.19 % in 180 days (not shown). This results mean that specimens exposed outdoor were degraded more rapidly than those set out in an aqueous medium, thus temperature and solar radiation are the factors that most directly affect these results. Also, as expected, the previously aged material was more susceptible to degradation process, due to oxidation of its structure by UV radiation.
To evaluate if there were significant differences between the three places of exposure, an ANOVA analysis of the elongation at break in different media during 90 days of exposition was performed. Materials exposed outdoor presented significant differences with respect to materials exposed to fresh water ( Fig. 6 and Table III ). Regarding differences between materials in each specific place, Tukey test showed no statistically significant differences for 90 days of observation between CR, COR and OR materials to a confidence level of 95 %. In the marine environment, CM vs. COM and OM vs. OOM were not statistically significant at a confidence level of 95 %. In the other hand, in outdoor OOI vs. CI and COI materials evidenced statistically significant differences at the 95 % confidence level.
Regarding the analysis of carbonyl indices spectra were identical for conventional and oxodegradable polyethylene at the beginning of the experiment when they were not oxidized. After 180 days, new absorption bands were found, demonstrating oxida- tion processes. The degradation of each material caused the appearance of bands between 1800 and 1600 cm -1 , which can be assigned to ketones. This results agrees with those published by other researchs (Chiellini et al. 2006 , Huang et al. 2011 , Krehula et al. 2014 , de la Orden et al. 2015 . Figure 7 shows the average results of measurements of the absorbance of the carbonyl index during the experiment. In organic compounds, the band in 1200-1000 cm -1 is characteristic of CO tensions. In the photo-oxidized specimens, an absorption band was recorded around 1714 cm -1 in all samples. In samples exposed to an aqueous medium a weak absorption at 3200 and 3550 cm -1 is indicative of strain -OH.
DISCUSSION
Our results showed that faster degradation of the studied plastics, especially in those containing pro-oxidants, was achieved outdoors as compared to aquatic environments. Degradation and biodegradation of plastics in the environment are related to the chemical structure of the material and environmental factors (Eubeler et al. 2010) . In this research, degradation was influenced by abiotic factors, such as temperature, UV radiation, salinity, turbulence, and previous oxidation of the samples, as well as by formation of biofilm on the surfaces.
Variation in temperature and higher exposition to UV, due to the absence of biofilm and water, lead to faster degradation of samples exposed outdoors, when compared to those located in the sea or the river. Both factors conduce to changes in morphology and crystallinity (Sen and Raut 2015) , and consequently alter macromolecular properties of plastics. While the ambient temperature in the Colombian Caribbean coast can reach 39 ºC during the day and 25 ºC at night, in river and sea values are more stable. Retardation of thermal degradation for plastics, when exposed at sea, has been reported before and attributed to lack of heat build-up in the samples (Pegram and Andrady 1989) . In the other hand, photo-degradation promoted by UV lead to free radical formation (Lucas et al. 2008) , as shown in the carbonyl index analysis. The new functional groups formed lead to degradation in two ways, as promoters of new reactions to accelerate the process and acting as weaker points (compared to the main chain of the polymers) where microorganisms can begin biodegradation if proper conditions are achieved.
In the three environments, degradation began sooner in previously oxidized oxodegradable HDPE than in the conventional plastic, which agrees with previous reports (Koutny et al. 2006b , Fontanella et al. 2010 ). Previous oxidation is presumed to produce changes at the molecular level (Wiles and Scott 2006) , causing breakdown of the polymer chains. However, by the end of the experiment their loss of mechanical properties, changes in chemical structure and appearance was the same than for samples of non-oxidized oxodegradable films.
Although this study was not aimed to evaluate biodegradation by itself, some of the findings showed a first stage indication of microbial intervention in the marine environment. Biofilm formation was higher for plastics exposed in the marine environment, where crustaceans, algae, and other species were observed. Biofouling causes two opposite effects, in one hand the species forming the biofilm can exert mechanical, chemical and enzymatic stress on the specimens, erode the surface and cause depolymerization (Gu 2003 , Shah et al. 2008 , Devi et al. 2015 ) that could lead to mineralization (Lucas et al. 2008 , Nowak et al. 2011 ). In the other hand, biofilm can act as a protective layer against radiation, slowing down the abiotic degradation produced by UV light. In our experiment, biofilm and higher salinity promoted higher degradation in marine water compared to freshwater. In oxidized oxodegradable samples, a large deposit of biofilmaround the cracks of the specimens was observed. Biofilm formation was not observed around cracks in outdoor samples for the same period of exposure. Also, the observed increase and later decrease of carbonyl index in aqueous exposure could be related to the action of microorganisms that consume some of the molecules created (Muthukumar et al. 2014 , Devi et al. 2015 or to their dissolution in water.
CONCLUSIONS
Degradation of plastics has been presented as a partial solution to the environmental problems derived from plastic waste. Oxodegradable plastics have been promoted as a valid answer to the plastic bag issue in some countries like Colombia, due to advantages related to lower increment in cost (compared to other degradable plastics), easiness of handling and processing.
This new plastics could arrive at terrestrial and aquatic ecosystems as a result of wrong management. If this happens, they will degrade faster in terrestrial than in aquatic environments, as a result of higher exposure to temperature and UV radiation, which are considerably high in the studied tropical places. Marine waters promoted higher degradation than freshwater, mainly due to higher salinity and microbial activity, which has been decreased in the river because of its high content of residual water and solid waste. Thus, pollution of water will decrease the possibility of this new plastic to achieve faster and complete degradation.
In this research, oxodegradable plastics with and without previous oxidation showed evidence of faster degradation than conventional HDPE, i.e., the pro-oxidant additives did promote abiotic degradation. However, they did not achieve mineralization or even complete disintegration, as they require specific environmental conditions to trigger and lead their degradation all the way to mineralization. Degradable plastics, in general, should be used for specific applications, collected and treated properly when discarded. If by ignorance, misconceptions about their properties, or negligence they reach the environment, they won't fulfill their purpose.
